Perfluoroalkyl acids (PFAAs) are synthetic chemicals with ability to repel oils and water, and have been widely used in many industrial and household applications such as adhesives and water-and stain-repellent surfaces to nonstick coatings. Animal studies have shown that PFAAs have immunotoxic effects. However, few epidemiological studies have investigated the effects of PFAAs on infectious diseases occurrence. We examined the relationship between prenatal exposure to PFAAs and prevalence of infectious diseases up to 4 years of life. A total of 1558 mother-child pairs, who were enrolled in the Hokkaido Study on Environment and Children's Health, were included in this data analysis. Eleven PFAAs were measured in maternal plasma taken at 28-32 weeks of gestation using ultra-performance liquid chromatography coupled to triple quadrupole tandem mass spectrometry. Participant characteristics were obtained from medical birth records and self-administered questionnaires during pregnancy and after delivery. Physicians' diagnosis of common infectious diseases including otitis media, pneumonia, respiratory syncytial virus infection, and varicella up to 4 years were extracted from the mother-reported questionnaires. The number of children who developed infectious diseases up to 4 years of age was as follows: otitis media, 649 (41.4%); pneumonia, 287 (18.4%); respiratory syncytial virus infection, 197 (12.6%); varicella 589 (37.8%). A total of 1046 (67.1%) children had at least one of the diseases defined as total infectious diseases. After adjusting for appropriate confounders, PFOS levels in the highest 3 quartile were associated with increased odds ratios (ORs) of total infectious diseases (Q4 vs.
Introduction
Perfluoroalkyl acids (PFAAs) are synthetic chemicals with very high thermal and physical stability. Worldwide, PFAA pollutants are present in the environment, wildlife, and humans.
Food is thought to be the primary source of human exposure to PFAAs; however, humans are also exposed to these chemicals through contaminated water, dust, and air as well as various consumer products (ATSDR 2015) . Perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) are the most commonly used PFAAs worldwide. PFAAs are resistant to metabolic processes; the elimination half-lives of PFOS and PFOA are 5.4 and 3.8 years, respectively.
Additionally, perfluorohexane sulfonate (PFHxS) has a half-life of approximately 8.5 years (Olsen et al. 2007) . PFOS was added to Annex B of the Stockholm Convention on Persistent Organic Pollutants in 2009. Recently, PFOS and PFOA have been voluntarily phased out by several industries, but they remain present in older products. Therefore, humans are constantly exposed to PFOS, PFOA, and the recently emerged PFAAs, resulting in their bioaccumulation into human tissues over time, increasing human health concerns.
Globally, infectious diseases account for more than half of all deaths among children aged less than 5 years and are a large burden on health care systems (WHO 2002; Elliot and Beason, 2008) . Previous laboratory studies showed that PFAAs have immunotoxic and immunosuppressive effects, such as atrophy and reduced cell numbers in immune organs such as the spleen and thymus, lower IgM production, decreased natural killer-cell activity, 5 and changes in pro-inflammatory cytokine production (Dewitt 2008 , Peden-Adams 2008 , Brieger et al. 2011 Qazi et al. 2012) . Additionally, Kannan et al. (2006) reported significant associations between infectious diseases and high concentrations of PFOS/PFOA in the livers of sea otters. In animals, even low-dose exposure to PFOS/PFOA results in immune response impairment and suppression at doses potentially relevant to highly exposed humans to PFAAs (Guruge et al. 2009; DeWitt et al. 2012 ).
PFAAs can pass through the placenta during pregnancy, exposing the fetus to these chemicals (Inoue et al. 2004 ). Pre-and postnatal PFOS/PFOA concentrations are associated with a reduced humoral immune response to diphtheria and tetanus in children (Grandjean et al. 2012) . A recent Danish study reported association of prenatal exposure to PFOS and PFOA with increased proportion of days with fever in early life (Dalsager et al. 2016 ).
Additionally, another report found an inverse association between prenatal exposure to PFOS, PFOA, PFNA, and PFHxS and the level of anti-rubella antibodies in the children's sera at age 3 years. Furthermore, they found a positive association between the maternal concentrations of PFOA and PFNA and the number of episodes of common cold in the children, and between PFOA and PFHxS and the number of episodes of gastroenteritis (Granum et al., 2013; Chang et al. 2016) . In contrast, Fei et al. (2010) reported no association between prenatal exposure to PFOS and PFOA and the risk of infectious diseases leading to hospitalization during childhood.
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We previously reported the negative association between prenatal exposure to PFOA and cord blood IgE levels among female infants in another cohort of the Hokkaido Study; however, we found no association between PFOS and PFOA and the risk of allergic and infectious diseases at 18 months of age (Okada et al. 2012) . We also examined the association of in utero PFAAs with allergic diseases in the first 24 months of life in a large-scale cohort and found that perfluorotridecanoic acid (PFTrDA) levels were inversely associated with the risk of eczema (Okada et al., 2014) . In the same cohort, we found negative associations between PFHxS, PFTrDA, and perfluorododecanoic acid (PFDoDA) and allergic symptoms . These finding suggest that prenatal exposure to PFAAs may suppress immune system allergic reactions during early life.
However, the effects of PFAAs on the immune system and risk of infectious diseases has not been thoroughly investigated in humans, particularly the impact of exposure to these chemicals during pregnancy on the developing immune system and functions in later life. In this study, we evaluated the association between prenatal exposure to eleven PFAAs and the risk of infectious diseases during early childhood in a prospective large birth cohort study.
Methods

Study population
The current work was a part of the Hokkaido Study on Environment and Children's health, a 7 prospective ongoing birth cohort study. The details of this study have been previously described (Kishi et al. 2011 and . This study began in February 2003, and the participants were all native Japanese mother-child pairs. Briefly, pregnant women who had antenatal health care in early pregnancy (>13 weeks of gestational age) at any of the 37 hospitals and clinics in the Hokkaido prefecture participating in this study were eligible.
Healthcare personnel approached pregnant women and introduced the study. Among the 33,500 women eligible to participate in the study from 2003 to 2009, 17,869 agreed to participate. All participants completed a baseline questionnaire and mailed follow-up questionnaires. Among these, we selected 12,847 who had submitted a baseline questionnaire and from whom we had obtained a third trimester blood sample and hospital birth records.
Cases with miscarriage and stillbirth (n = 19), congenital malformation (n = 143), and multiple births (n = 162) were excluded. From the selected 12,523 participants, we extracted 6335 participants who had completed all three postnatal questionnaires at 4, 12, and 24 months after birth for long-term follow-up. From these, we randomly extracted 300 (Okada et al., 2014) . Among these 2095 participants, we excluded cases of congenital malformations that became apparent from the follow-up questionnaire at 12 months (n = 17), maternal blood samples taken before 26 weeks of gestation (n = 15), an extremely high PFOS level (n = 1), and withdrawal (n = 6).
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Among the remaining 2056 mother-child pairs, a total of 1558 mother-child pairs sent us 4-year-old questionnaires and were included in the current study ( Supplementary Fig. 1 ).
This study was conducted with the written informed consent of all of participants for a period comprising pregnancy and 2 years after childbirth, and additional informed consent was obtained at 4 years after childbirth. The institutional ethical board for epidemiological studies at the Hokkaido University Center for Environmental and Health Sciences and Hokkaido University Graduate School of Medicine approved the study protocol.
Data collection
During the first trimester of pregnancy, participants completed a self-administered baseline questionnaire that included parental information related to age, pre-pregnancy body mass index, previous medical history, educational level, annual household income, parity, alcohol consumption and smoking during pregnancy, and medication. Medical birth records from hospitals included the gestational age, infant sex, and birth weight, as well as miscarriage, stillbirth, multiple births, and congenital anomalies. We collected a self-administered questionnaire at 4 months after delivery reported by the mothers, including information such as birth size, maternal complications during pregnancy, and maternal smoking status in the third trimester. At 4 years post-delivery, participants completed another self-administered questionnaire including information related to breast feeding, infant size, smoking status of 9 parents, parental history of allergic diseases, having pets, cooling/heating system in homes, environmental tobacco smoke (ETS) exposure, and day care attendance. In the 4-year follow up questionnaire, ETS exposure was defined as a self-reported positive response of whether a smoker was in the place where children lived their daily life at 4 years of age.
Exposure assessment
Detailed sample preparation and PFAAs measurement methods have been previously described (Okada et al., 2013) . Maternal peripheral vein samples were collected and stored at -80°C until exposure analysis. We used maternal plasma for exposure assessment using ultra-performance liquid chromatography coupled to triple quadrupole tandem mass spectrometry instrumentation (Waters, Milford, MA, USA). We measured the concentrations of two groups of PFAAs: perfluoroalkane sulfonates, including PFHxS, PFOS; and perfluorinated carboxylic acids, including perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, and perfluorotetradecanoic acid (PFTeDA) for a total of eleven PFAAs in maternal plasma samples obtained between 28 and 32 weeks of pregnancy.
Outcome assessment
Child infectious diseases that developed up to 4 years of life were assessed based on mothers' self-administered questionnaire. Medical doctor's diagnosis of common infectious diseases including otitis media, pneumonia, varicella, and respiratory syncytial virus infection were asked in 4-year old postnatal questionnaires reported by the mothers. We defined total infectious diseases as cases with at least one of these four common infectious diseases up to 4 years of age.
Data analysis
We performed all statistical analyses using JMP pro 10 (SAS Institute Inc., NC, USA). The results were considered statistically significant if p < 0.05. For participants with PFAA levels less than method detection limit, a value equal to half of this limit was substituted. We divided participants into 4 groups according to the quartiles (Q) of prenatal PFAA levels. In crude and adjusted logistic regression analyses, we examined the associations between maternal PFAA concentrations and the risk of infectious diseases. In logistic models, odds ratios (ORs) for the risk of infectious diseases were evaluated based on the PFAA concentrations in the second through fourth quartiles and compared to those in the lowest quartiles. To calculate the trend in the p-value, we used linear contrast coefficients -3, -1, +1, and +3 assigned to quartiles 1, 2, 3, and 4, respectively (Kishi et al., 2015; Goudarzi et al., 2015) . We examined the effects on total infectious diseases and on each infectious disease.
We selected confounders in the analysis according to a review of the literature and on the change in estimate criteria, which were set to more than 10%. Potential confounding variables considered in the analysis were maternal age (continuous), number of older siblings (0, ≥1), maternal smoking during pregnancy (yes/no), maternal education (≤12, >12 years), 11 infant sex, and breast-feeding period (<6, ≥6 months). For sensitivity analysis, we also added day care attendance (yes/no) and environmental tobacco smoke (ETS) exposure at 4 years old children (yes/no) into the adjusted model. The number of older siblings was obtained from parity information. Because of the potential sex differences in PFAA health effects (Okada et al. 2014; Goudarzi et al. 2015) , we also stratified the results by sex.
Results
A total of 1558 mother-child pairs were included in this study. The average of maternal age at birth (SD) was 31.1 (4.4) with average body mass index of 20.9 (2.9). Maternal smoking rate during pregnancy was 6.2%, and 54.3% of mothers were multiparous. A total of 50.9% of infants were male (Table 1) .
Because of the low detection rate, perfluorohexanoic acid, perfluoroheptanoic acid, and perfluorotetradecanoic acid levels were excluded before data analysis. The detection rates of the other 8 PFAAs were higher than 97%, except for PFDoDa (90.6%) and PFHxS (82.6%).
PFOS showed the highest median exposure levels (4.92 ng/mL), followed by PFOA (2.01 ng/mL), PFUnDA (1.43 ng/mL), and PFNA (1.18 ng/mL).
The number and percentage of children who developed infectious diseases during the first 4 years of life were otitis media, 649 (41.6%); pneumonia, 287 (18.4%); respiratory syncytial virus infection, 197 (12.6%); varicella, 589 (37.8%). A total of 1046 (67.1%) of children had at least one infectious disease. Varicella was reported at a greater rate among girls than in boys; however, the prevalence of infectious diseases was not significantly different in boys and girls.
We assessed the association between PFAAs and total infectious diseases using logistic regression models. We observed a positive association with total infectious diseases across the PFHxS quartiles (Q4 vs. Q1 adjusted OR: 1.55, 95% CI: 0.976, 2.45; p for trend = 0.045) in female but not in male children. In addition, adjusted ORs in the highest quartile vs. the lowest quartile for total infectious diseases were significantly increased for PFOS (Q4 vs. Q1 OR: 1.61; 95% CI: 1.18, 2.21; p for trend = 0.008) in all children. After sex stratification, we observed the same trend for boys and girls, but the p-value for trend was significant only among girls. However, p-values for PFAA*sex interaction were not statistically significant.
We also assessed the association between PFAAs and individual infectious outcomes and found the same trend; however, the p-value for the trend was not significant, likely because of the small sample size (data not shown). The results remained consistent with those of the primary models when we conducted additional sensitivity analyses including postnatal day care attendance and ETS at 4 years of age (data not shown).
Discussion
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Few studies have focused on prenatal exposure to PFAAs and prevalence of infectious diseases. We measured 11 types of PFAAs, including long-chain PFAAs, during pregnancy and followed up children until 4 years in a large-scale birth cohort. We observed that prenatal exposure to PFHxS and PFOS were associated with a higher risk of infectious diseases in early life. However, we found no significant association between other PFAAs, including PFOA, PFNA, and PFDA, and infectious diseases. This is a unique study because of the number of subjects examined for prenatal exposure to PFAAs, its prospective design, and large sample size.
In current study, we found that perfluoroalkane sulfonic acids (PFSAs) including PFHxS, and PFOS, but not perfluorinated carboxylic acids (PFCAs; such as PFOA, PFNA) showed significant association with increased risk of infectious diseases. PFSAs and PFCAs have different carbon length, half-lives and functional groups. Also, we previously reported significant negative association of prenatal exposure to PFOS, but not PFOA, with cord blood cortisol and cortisone in another birth cohort . We also observed a positive association between PFOS and dehydroepiandrosterone (DHEA) levels, whereas PFOA was inversely associated with DHEA levels . Additionally, prenatal PFOS, but not PFOA, showed positive association with cord blood estradiol and estradiol/testosterone ratio among male infants. Also, we observed negative association of PFOS and progesterone and prolactin in cord blood samples among female infants; however 14 PFOA did not show any association with these hormones (Itoh et al. 2016) . Steroid hormones have very important immunoregulatory role in humans, and PFAAs my disrupt immune system function in humans by changing balance of steroid hormones. Furthermore, these results may suggest differential effects of PFSAs vs. PFCAs on immune system, and more studies need to explore this issue in the future.
Varicella vaccine first was developed in Japan; however, it was not in mandatory vaccination program in Japan until 2014. In current study, only 457 children had varicella vaccination among 1,558 children. It may partly explain relatively high prevalence of varicella in this study. We stratified the results of association between PFAAs and infectious diseases by varicella vaccination status but the results remained persistent. Although we did not have information on air pollution in this study, we had information about home environment and indoor air quality including owning pets and having carpets, heating/cooling systems (electrical systems vs. fuel systems), and the presence of mold and dew condensation in homes in 4 years questionnaires, however including these covariates into adjusted model did not change the results.
During pregnancy, the median values of PFAAs with C6-C8 including PFHxS, PFOS, and PFOA in this study were low compared to those in the USA (Stein et al., 2012) , Denmark (Halldorsson et al., 2012) , Korea (Lee et al., 2013) , and China (Jiang et al., 2014) . However,
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PFAA levels with longer carbon chains (C ≥ 9) were higher than in western countries such as Spain, Denmark, Sweden, and the USA compared with the current study (Harada et al. 2011 ).
Animal studies have demonstrated the endocrine disruption and immunotoxic properties of PFOS and PFOA (Lau et al. 2003; Seacat 2003; Leubker 2005) PFAA exposure levels were similar to those found in this study, and their results are consistent with our results, indicating that prenatal exposure to PFAAs is associated with an increased risk of infectious diseases in the next generation. Additionally, pre-and post-natal exposure to PFOS and PFOA were associated with reduced antibody levels of tetanus and diphtheria (Grandjean et al., 2012) in 5-and 7-year-old children. In adults, elevated PFOA serum concentrations were found to be associated with reduced influenza antibody response and an increased risk of not attaining the antibody threshold considered to offer long-term protection (Looker et al., 2014) . These results suggest the suppressive effects of PFAAs on immune function and reactions. A recent Danish study showed that higher maternal 16 concentrations of PFOS and PFOA during pregnancy is associated with increased number of episodes of co-occurrence of fever and coughing and fever and nasal discharge among children aged 1-4 years (Dalsager et al. 2016 ).
The immunotoxic mode of action of PFAAs is not clearly understood. Steroid hormones are essential for immune system functions. Additionally, lymphocytes and primary lymphoid organs express androgen and estrogen receptors (Tanriverdi et al. 2003 ).
Endocrine-disrupting chemicals, including PFAAs, can change the levels of estrogens and androgens and interact with their receptors (Kjeldsen and Bonefeld-Jorgensen 2013) .
Therefore, the endocrine-disrupting properties of PFAAs may explain the mechanism of action of PFAAs on immune outcomes. In addition, PFAAs are known agonists for peroxisome proliferator-activated receptor α (PPARα), which is expressed in gestational tissues and lymphocytes important in placental maturation, as well as the regulation of the immune system and hormones (Berry et al., 2003; Tarrade et al., 2001; Jones et al., 2002) . A recent study found the same results, showing that PFAAs suppressed the secretion of these cytokines in human immune cells through the nuclear factor-kappa B gene, but not PPARα We previously examined the association between 11 PFAAs and the risk of allergic diseases at 12-24 months of age and found an inverse association between prenatal exposure to PFTrDA and the risk of eczema among female infants (Okada et al. 2014) . Recently, we examined the effects of prenatal PFAAs on the risk of allergic diseases at 4 years of age in the same cohort and follow-up of the same participants. The results revealed an inverse association of prenatal exposure to PFDoDA and PFTrDA with eczema and an inverse association between PFHxS and wheezing . Taken together, PFAAs may suppress the immune system in humans, resulting in a higher risk of infectious diseases and reduced allergic reactions.
We examined 11 PFAAs during pregnancy using a sensitive and standard method with large sample size and prospective design. We used information on several covariates related to exposure and/or outcome to control for these factors in the adjusted models. However, there were some limitations to this study. We assessed infectious diseases based on maternal reports that were not proved by medical records, also we have not conducted any studies on the validity of self-reported doctor diagnosed infections. It may have resulted in some level of outcome misclassification which generally bias toward the null, or if an association is demonstrated, the true effect might be slightly greater. Also, we have not performed co-exposure assessment for other environmental chemicals influencing immune system such as dioxins in this population. Compared to the original cohort (n > 20,000), participants in the current study had a higher maternal education levels, and lower maternal smoking rates during pregnancy and postnatal exposure to tobacco smoke . This may suggest the possibility of selection bias in the current study. Furthermore, we did not examine the levels of postnatal PFAAs and biomarkers of immune system functions.
We found an association between prenatal exposures to PFOS and PFHxS and a higher risk of infectious diseases during early childhood. Our results suggest that PFAAs have immunomodulatory effects on the human immune system. However, additional studies are necessary to determine the long-term effects of in utero exposure to PFAAs on human immune outcomes in later life. Missing: parity (n = 21), annual income (n = 183), day care attendance at 4 y (n = 37), and ETS at 4 y (n = 52). 
